Recently we determ ined by single crystal X-ray structure analysis the molecular structure o f (S)-N,N '-di-ter/-butyl-2-[N -(l-phenylethyl)benzam ido]-malonam ide (1) [1, 2] , a byproduct o f the 4CC-reaction [3, 4] . This compound contains two chemically identical fragments of a polypeptide chain -tri peptide fragments -which differ by torsion angles cp and y/.
The molecular structure of 1 is shown in Fig. 1 . One polypeptide fragment starts from the C-terminal end with C 1 (Ca-atom) and follows the hatched chain to C 15. The fragment C l -*■ C 15 is analogous to a polypeptide fragment Ca-N H -C O -C a-N H -C O -C a ; the only difference is that N 3 is substituted by a 1-phenylethyl residue -and not an H-atomand C15 is sp2-hybridized and not sp3. The second polypeptide chain begins at C5 and follows the shaded chain to C3 and is, from C3 up to C l 5, identical with the first one. As can be seen from Fig. 1 the peptide groups are in the trans configura tion usually found in proteins. Although Ca3 is not chiral, for it is substituted by two equivalent substi tuents, the residue C 1 -C 1 5 can be regarded to contain an L-amino acid and the residue C 5 -C 1 5 an D one. The (ply torsion angle pair o f the residue C 1 -C 1 5 is + 7 0° and + 2 2° respectively and that of the residue C 5 -C 1 5 is -6 4° and + 1 6 2° re spectively. Because in this paper only stereochem i Reprint requests to Dr. A. Gieren. 0341-0382/80/0900-0741 $01.00/0 cal features of relative and not absolute conforma tion are discussed, for comparison with real protein structures D and l can be changed and also the signs of <p/\jj by pairs. The <p/ip pairs found here occur in the so named /?-turns [5 -8 ] , the torsion angle pair in the residue C 1 -C 1 5 frequently and the pair in residue C 5 -C 15 rarely.
The conform ation of proteins is strongly influ enced by hydrogen bonds, preferably by those be tween an N -H group as donor and a C = 0 group as acceptor. Therefore we first checked the molec ular structure for the presence of intram olecular hy drogen bridges. Two hydrogen bonds can be found there. The N 2 -H 2 group acting as a donor forms a hydrogen bridge to the C2 = 0 1 carbonyl group acting as an acceptor. The H 2 --0 1 distance is 1.95 A. This hydrogen bond is analogous to similar hydrogen bonds between neighbouring peptide chains in proteins.
F ar more interesting is the second hydrogen bond within the peptide fragment C l -*■ C15 which also starts from an N -H group as donor but quite un expectedly binds to an acylamide nitrogen acting as acceptor. The length o f the H I • • • N 3 contact dis tance of 2.27 A shows that this bridge must be a weak one, but the distance found here is significant ly shorter than the sum of the van-der-W aals-radii of 2.7 A [9] . The N 1 • • • N 3 distance with 2.74 A is also shorter than the sum of van-der-W aals-radii (3.0 A). For, due to the 7r-resonance in the peptide group, the basicity of the nitrogen, and therefore its An additional effect is the resonance formula (a) for the peptide bond with a lone pair of electrons at the nitrogen N 3 obtaining an increased weight which includes an increase of the electron density within the /v o rb ita l at N 3.
/ / \ O C* If this p z-orbital also participates in the hydrogen bridge, then the bonding strength of this hydrogen bond not only depends on the H I • • • N 3 hydrogen bond distance, but also on the orientation of the p zorbital. The hydrogen bond therefore should be strongest if first, the H ■ • • N distance has a m ini mum and second, the angle between the H • • >N vector and the axis of the /v o rb ita l is sim ultaneous ly at a minimum. This is the case if, as is approxi mately fulfilled in the model structure, the two adjacent peptide planes C l -*• C3 and C3 -»• C15 are perpendicular to each other, and the y/ torsion angle amounts to 0° and the (p torsion angle to 90° or -9 0° respectively. \p is defined as the dihedral angle N 3 -C 3 -C 2 -N 1 and cp as the dihedral angle C 2 -C 3 -N 3 -C 14. The torsion angles y and (p are, as is known, those which determine the convolution of peptide chains. The angle y/ determines the H I • • • N 3 contact distance which is a m inim um for y/ = 0°, N 3 being in the plane of the peptide group C l -*■ C3. W hen simultaneously cp is 90°, the axis of the p z orbital lies in the same plane. If now the torsion angle y/ is changed, then <p also must change, if one wants to preserve the alignment of H 1 • • • N 3 with the p z orbital. An increase of the angle y/ for instance rotates H 1 upward from the plane of projection in Fig. 1 , and the p z orbital can be m ade to follow this rotation by rotating in the -<p direc tion. A rotation by + y/ is thus followed by a simultaneous rotation by an angle of -(p. In the model compound we find an angle yj of 22° and an angle (p of 70° in accordance with the assumption of the p z orbital being the proton acceptor. In this context it should be noted that a pair + <p, + y/ is to be set equal to a pair -cp, -y/ and also a pair + (p, -y/ is to be set equal to -c p ,+ y/, since such a change o f sign is only a m irror image, but not a change of relative conformation which is exclusively evident for the orientation of the H • • >N vector relative to the axis o f the p z orbital. . In order to test whether this hydrogen bond found in the model structure actually plays a part in protein structures, we have investigated the cp/y/ correlation in four refined protein structures, the insect hem oglobin erythrocruorin [10] , the endopeptidase trypsin [11] , the basic pancreatic trypsin inhibitor (BPTI) [12] and the variable part o f a Bence-Jones im m unoglobulin [13] . These examples represent a wide variety of globular protein struc tures. Erythrocruorin for instance contains a great portion o f a-helix structure, whereas in trypsin and BPTI the a-helix content is much smaller and finally the Bence-Jones imm unoglobulin fragment chosen has no a-helix content but is built up of a large am ount o f pleated sheets. In Fig. 2 in the range o f y/ between -5 0° and + 5 0°, the (ply/ pairs of these four proteins are plotted with (p versus y/. One sees clearly that the angles <p decrease with increasing y/. The regression line intercepts the ordinate at <p « 90 ° at a value o f the abscissa o f ^ = 0°. Due to the course of this regression line one may assume with high probability that hydrogen bonds with N -H as donor and an adjacent acylamide nitrogen as ac ceptor, pointing from the C-terminal to N -term inal end of a peptide chain, may occur within a y/ range of about 100° in protein structures. It should be mentioned that Pohl [14] found for 4 other protein structures and also W u and K abat [15] for 11 proteins a (ply/ distribution, which is analo gous to that given in Fig. 2 . O ur Fig. 2 incorporates partially the regions A and C of a (ply/ plot given by Pohl [14] . It is also interesting to note that Pohl [14] found a relatively high density in an empirical protein energy m ap (EPEM) for regions A 2 and C2 (^~± 9 0°, y /~0°) . Pohl [14] interpreted this phenom enon by assuming "a partial positive charge d+ at the am ide proton interacts favourably with the delocalized 7r-electrons of the previous peptide bond". This interpretation is not far away from ours o f an N H -N hydrogen bond. It is also interesting to note that Zim m erm ann et al. [16] in the course of conformational energy calculations using ECEPP (Empirical Conformational Energy Program for Pep-tides) have improved the set of param eters by softening "the repulsive interaction between an amide nitrogen and the am ide hydrogen in an other peptide group, in order to lower the energy in the "bridge region" (around (p = -90°, i// = 0°). This lower energy is required since many residues in proteins have conformations in the "bridge region". The true reason for this may be the hydrogen bridge discussed here.
As mentioned before, the N-H--N hydrogen bond just discussed has the direction from the Cterminal to the N-term inal end of the polypeptide chain. The question arises whether hydrogen bonds of this type in the opposite direction are possible too, namely from the N-term inal to the C-term inal end of the peptide chain. In this case also the adjacent peptide planes have to be perpendicular to each other under ideal conditions, but now the cp angle has to be 0° and the y angle -I-or -9 0°. The arguments given before are also true for this hy drogen bridge, only <p and y/ have to be inter changed. In Fig. 3 we therefore have plotted \p against (p in the ^-region -5 0° <(p<50o for the four proteins mentioned. As can be seen from this plot only a few cp/y/ pairs occur in the protein structures which fulfill this condition. It is not surprising that so few residues occur here, for con formational energy calculations show that the region around (p = 0 is very unfavourable [16] . But the slope of the regression line and the intercept are as expected. The \\j angle decreases with increasing (p and the line goes nearly through the point tp = 0° and i//= 90°. Although this regression line is not as well defined as the analogous line of Fig. 2 , the plot shows that if such unusual (ply pairs occur in protein structures, a hydrogen bond of type N -H ---N in the direction from the N-terminal to the C-terminal end cannot be excluded.
O ur model molecule shows another interesting peculiarity (Fig. 4) . W ithin the same protein frag ment containing the N -H ---N hydrogen bridge we find a very short C3 • • • 0 3 contact distance of 2.58 A which is significantly shorter than the sum of the van-der-W aals-radii (3.1 A) . The bonding part ners at C3 [C2, C4, N 3, H3] as well as the carbonyl oxygen 0 3 form a distorted trigonal bipyram id with C3 as a center and H 3 and 0 3 as apexes. Here we are dealing with a "frozen chemical reaction" [17, 18] , namely the nucleophilic substitution of second order at a tetrahedral center with a trigonal bipyramidale transition state, the so-called W alden in version. The oxygen acts as the entering and the hydrogen acts as the leaving group. This "frozen" back-side attack of the carbonyl group C 14 = 0 3 is the reason for the tp torsion angle with 70° deviating from the ideal value of 90° for the discussed hydrogen bridge. The short C3-03 distance is obtained by decreasing the bond angles 0 3 -C 1 4 -N 3 and C 3 -N 3 -C 1 4 . These two bond angles with 120° and 114° are significantly smaller than the comparable angles at C2 and C 4 (124°) and N I and N 2 (127°), respectively. Due to the bipyramidal "transition state" the tetrahedron at C3 is distorted in the direction o f a trigonal pyram id. The angles C 2 -C 3 -C 4 (118°) and C 2 -C 3 -N 3 (113°) are greater than the tetrahedral angle and approach 120°. On the other hand the angles with H 3, an apex of the trigonal bipyram id, are all smaller than 109.5° (101, 106, 108°), although the difference from 109.5° for a single value of this type is not significant within the limits o f error. U p to now we have not been able to prove this "frozen" nucleophilic back-side attack to be present in protein structures, since some param eters im portant for this proof, for instance the angles at C and N o f the peptide bonds, were not varied during refinem ent of the protein structures. On the other hand this "frozen" nucleophilic back-side attack in the model compound seems not to have strong relevance to protein structures, for the model contains two CO groups attached to the C a atom C3, increasing the electrophilic character o f this C a, w hat is not the case in real protein structures. Looking for possible param eter correlations in protein structures in order to proof this phenom e non in proteins, we found a correlation between the bond angle at Ca, the so called t angle, and the am ount of the torsion angle if/, which is due to another steric effect. For the t angle depends in the region 0° < j i//\ < 90°, as is the case with the angle C 2 -C 3 -N 2 (113°) ( \ y l \ = 22°), on the non-bond ing interaction between two adjacent nitrogen atoms ( N 1, N3) . The mutual repulsion of these two atoms is greatest at ^= -0° and smallest at \ y \ = 9 0°. In creasing the torsion angle \y/\ beyond 90° substi tutes the N • • • N interaction by an O • • ■ N interac tion, as is the case between 0 2 • • • N 3 with a 11//2\ angle of 162° and a z2 angle o f 110°. This contact distance is minimized at y/ = 180° and maximized at y/ = 90°. Therefore one should assume that the t angle should be the smallest at y/ =90° and should become greater as a function of the deviation from | y/\ = 90°. Fig. 5 shows the t/\y/\ correlation of three proteins. Apparently, starting from ^! = 90°, the r angles become greater in the increasing as well as in the decreasing direction of \if/\. The distribution of r/j yj pairs in first approxim ation can be described by two straight lines. The slope of the regression line seems to be greater in the region 0° < \y/\ <90° than in the region 90° < | i// j < 180°, in agreem ent with stereochemical considerations. The values tx and r2 found in the model structure fit very well the distribution found in proteins. In agreement with the correlation given here is that <r) usually is reported to be ~ 112°, greater than the tetrahedral angle of 109.5°. It should be mentioned that the correlation plotted in Fig. 5 deteriorates if one takes into account, besides the pairs of the structure of erythrocruorin, trypsin and BPTI, also the r/\y /\ pairs of the Bence-Jones imm unoglobuline frag ment. The explanation for this behaviour is that the resolution and refinement of the last protein is not at such a high level as is the case with the three other structures, for the r-angles are very sensitive to resolution of structure and level of refinement. From the correlation demonstrated in Fig. 5 one therefore can conclude that it is useful to vary the t-angles, at least in the last stages of refinem ent of protein structures.
